S tudies involving atomic bomb survivors have documented an increased incidence of malignant neoplasm related to the radiation exposure. [1] [2] [3] [4] Survivors who were farther from the epicentre of the blast had a lower incidence of cancer, whereas those who were closer had a higher incidence. 5 Similar risk estimates have been reported among workers in nuclear plants. 6 However, little is known about the relation between exposure to low-dose ionizing radiation from medical procedures and the risk of cancer.
In the past six decades since the atomic bomb explosions, most individuals worldwide have had minimal exposure to ionizing radiation. However, the recent increase in the use of medical imaging and therapeutic procedures involving low-dose ionizing radiation has led to a growing concern that individual patients may be at increased risk of cancer. [7] [8] [9] [10] [11] [12] Whereas strict regulatory control is placed on occupational exposure at work sites, no such control exists among patients who are exposed to such radiation. [13] [14] [15] [16] It is not only the frequency of these procedures that is increasing. Newer types of imaging procedures are using higher doses of low-dose ionizing radiation than those used with more traditional procedures. 8, 11 Among patients being evaluated for coronary artery disease, for example, coronary computed tomography is increasingly being used. This test may be used in addition to other tests such as nuclear scans, coronary angiography and percutaneous coronary intervention, each of which exposes the patient to lowdose ionizing radiation. 12, [17] [18] [19] [20] [21] Imaging proced ures provide information that can be used to predict the prognosis of patients with coronary artery disease. Since such predictions do not necessarily translate into better clinical outcomes, 8, 12 the prognostic value obtained from imaging procedures using low-dose ionizing radiation needs to be balanced against the potential for risk.
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Background: Patients exposed to low-dose ionizing radiation from cardiac imaging and therapeutic procedures after acute myocardial infarction may be at increased risk of cancer.
Methods:
Using an administrative database, we selected a cohort of patients who had an acute myocardial infarction between April 1996 and March 2006 and no history of cancer. We documented all cardiac imaging and therapeutic procedures involving low-dose ionizing radiation. The primary outcome was risk of cancer. Statistical analyses were performed using a time-dependent Cox model adjusted for age, sex and exposure to lowdose ionizing radiation from noncardiac imaging to account for work-up of cancer.
Results:
Of the 82 861 patients included in the cohort, 77% underwent at least one cardiac imaging or therapeutic procedure involving low-dose ionizing radiation in the first year after acute myocardial infarction. The cumulative exposure to radiation from cardiac procedures was 5.3 milli Sieverts (mSv) per patientyear, of which 84% occurred during the first year after acute myocardial infarction. A total of 12 020 incident cancers were diagnosed during the follow-up period. There was a dosedependent relation between exposure to radiation from cardiac procedures and subsequent risk of cancer. For every 10 mSv of low-dose ionizing radiation, there was a 3% increase in the risk of age-and sex-adjusted cancer over a mean follow-up period of five years (hazard ratio 1.003 per milliSievert, 95% confidence interval 1.002-1.004).
Interpretation: Exposure to low-dose ionizing radiation from cardiac imaging and therapeutic procedures after acute myocardial infarction is associated with an increased risk of cancer.
Authors of several studies have estimated that the risk of cancer is not negligible among patients exposed to low-dose ionizing radiation. [22] [23] [24] [25] [26] [27] To our knowledge, none of these studies directly linked cumulative exposure and cancer risk. We examined a cohort of patients who had acute myocardial infarction and measured the association between low-dose ionizing radiation from cardiac imaging and therapeutic procedures and the risk of cancer.
Methods
Patient population and data sources
The hospital discharge summary database in Quebec (Med-Echo), which includes information on all hospital admissions in the province, was used to create a retrospective cohort of all patients admitted to hospital for the first time with acute myocardial infarction between Apr. 1, 1996, and Mar. 31, 2006 . Using the patients' unique encrypted health insurance numbers, we linked these data to data from the Régie de l'Assurance Maladie du Québec (RAMQ) database. Information on the patients' vital status was obtained from the Med-Echo and RAMQ databases. Ascertainment of vital status has been validated in previous studies. 28 We included patients if their principal diagnosis on admission was acute myocardial infarction (code 410 in the 9th revision of the International Classification of Diseases and codes I21 and I22 in the 10th revision). The cohort construction has been previously described. 28 We excluded patients if they had evidence of a prior diagnosis of cancer in the year before and the year after the admission date. We defined such evidence as (a) admission to hospital with a primary diagnosis of cancer, (b) a non-cancerrelated admission with cancer listed as a secondary diagnosis, (c) any outpatient visit with a diagnosis of cancer and (d) any in-or outpatient visit billed by an oncologist, regardless of the diagnosis.
The final cohort comprised 82 861 patients.
Radiation exposure
The patients' records were examined for any cardiac radiologic procedures for diagnostic or therapeutic purposes after the acute myocardial infarction. We obtained these data by capturing physician billing codes for these procedures from the RAMQ database. The procedures of interest (and their average effective radiation dose in milli Sieverts) were myocardial perfusion imaging (15.6 mSv), diagnostic cardiac catheterization (7.0 mSv), percutaneous coronary intervention (15.0 mSv) and cardiac resting ventriculography (7.8 mSV). These estimated doses were obtained from previous reports. 7, 29 Patients were divided into five groups according to their level of exposure to low-dose ionizing radiation after acute myocardial infarction (no exposure [reference group], > 0-≤ 10 mSv, > 10-≤ 20 mSv, > 20-≤ 30 mSv and > 30 mSv).
Diagnosis of cancer
Follow-up for incident cancers began one year after the index admission related to acute myocardial infarction. Because of the latency between exposure to low-dose ionizing radiation and the development of cancer, a time lag of one year was added to the time of each exposure. Therefore, an incident cancer could be attributed to an exposure to radiation only if the cancer was diagnosed at least one year later. This time lag minimized the risk of spurious associations between low-dose ionizing radiation and cancer diagnosed soon thereafter. It also decreased the risk of work-up bias (imaging tests ordered in the diagnostic work-up of cancer, notwithstanding that cardiac imaging tests are seldom performed as a diagnostic work-up for cancer).
Cancer diagnoses were identified on the basis of codes from the 9th and 10th revisions of the International Classification of Diseases. All diagnostic codes from hospital admissions and outpatient visits were surveyed. A patient was considered to have cancer if at least one diagnostic code for cancer was recorded during follow-up in any of the following settings: (a) admission to hospital with a primary diagnosis of cancer, (b) a noncancer-related admission with cancer listed as a secondary diagnosis and (c) any outpatient visit with a cancer diagnosis.
Statistical analysis
We compared the clinical characteristics of patients with respect to their exposure to low-dose ionizing radiation from cardiac imaging or therapeutic procedures. In time-dependent Cox proportional hazards models, we explored the possible independent association between such exposure and risk of cancer. The following variables were adjusted for in the models: age, sex and exposure to low-dose ionizing radiation from noncardiac procedures. Variables for exposure to radiation from cardiac and noncardiac procedures were included both as continuous variables centred on the mean and as binary variables for exposure status. We centred all continuous variables for radiation exposure by subtracting their respective means from the original values for all patients exposed and attributing zero for those not exposed. In such a model, the coefficient of the continuous variable provides Research an estimate of the quantitative effect of this variable among those exposed to radiation only. 30 The relation between continuous variables included in the model and the outcome was evaluated for linearity.
Sensitivity analyses were performed to explore different time lags (one, three and five years) be tween exposure to low-dose ionizing radiation and ascertainment of incident cancer, as well as truncated follow-up periods (one, two and three years) to ensure that the incident cancers were not occurring too soon after acute myocardial infarction or exposure to radiation. Table 1 shows the clinical characteristics of the 82 861 patients stratified by their level of exposure to low-dose ionizing radiation from cardiac imaging and therapeutic procedures in the first year after acute myocardial infarction. The median age was 63.2 years (interquartile range 53.1-74.0), and 31.7% were women. In general, the exposure groups differed little with respect to clinical characteristics. Patients with higher levels of exposure tended to be younger males with fewer comorbidities. The level of exposure was higher among patients whose treating physician was a cardiologist than among those whose treating physician was a general practitioner. There was no consistent relation between exposure to radiation from cardiac procedures and exposure to radiation from noncardiac procedures.
Results
The cumulative exposure to low-dose ionizing radiation from all cardiac procedures was 5.3 mSv per patient-year, of which 84% occurred during the first year after acute myocardial infarction. Table 2 shows the frequency distribution of the cardiac procedures performed in the first year after acute myocardial infarction: 33.8% of patients had at least one myocardial perfusion imaging test, 40.7% had at least one percutaneous coronary intervention, 10.6% had at least one cardiac resting ventriculography, and 31.1% had at least one diagnostic cardiac catheterization not followed by percutaneous coronary intervention. Invasive procedures (diagnostic cardiac catheterization and percutaneous coronary intervention) accounted for 63.9% of the radiation from cardiac procedures. Table 3 shows the frequency distribution of the 12 020 incident cancers that were detected during follow-up, by site of cancer. There was a wide distribution, although cancers affecting the abdomen/ pelvis and thorax were the most common, accounting for about two-thirds of the cancers. Figure 1 shows the relation between the cumulative exposure to low-dose ionizing radiation from cardiac procedures after acute myocardial infarction and the risk of cancer during the followup period. Cumulative exposure from cardiac procedures was an independent predictor of incident cancer (hazard ratio [HR] 1.003 per milliSievert, 95% confidence interval [CI] 1.002-1.004). For every 10 mSv of radiation, there was a 3% increase in risk of age-and sex-adjusted cancer over a mean follow-up of 5.0 years.
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When stratified by sex, the adjusted HR for incident cancer was 1.005 (95% CI 1.003-1.007) among women and 1.002 (95% CI 1.001-1.003) among men exposed to low-dose ionizing radiation. The interaction term for sex and radiation exposure was added to the multivariable Cox model and was found to be statistically significant (p < 0.001).
In the sensitivity analyses of the effect of different time lags on estimates of cancer risk, time lags of one, three and five years yielded similar results as those from the primary analysis. In the sensitivity analysis of the effect of different truncated follow-up periods, cumulative exposure to radiation from cardiac procedures was no longer a significant predictor of incident cancer when follow-up was truncated to one or two years. This finding is not surprising given that the link between exposure to low-dose ionizing radiation and incident cancer in such a short period is assumed to be biologically implausible.
Interpretation
We found a relation between the cumulative exposure to low-dose ionizing radiation from cardiac imaging and therapeutic procedures after acute myocardial infarction, and the risk of incident cancer. Although most patients were exposed to low or moderate levels of radiation, a substantial group were exposed to high levels and in general tended to be younger male patients with fewer comorbidities.
Previous studies have shown increased rates of use of imaging tests and therapeutic procedures involving low-dose ionizing radiation in North America. [7] [8] [9] [10] [11] [12] This trend is particularly evident among patients with known or suspected coronary artery disease. There has been a marked increase in the number of imaging tests used to screen for this disease, including computed tomography angiography and radioisotope nuclear scans. In many centres, these types of tests have supplanted earlier tests that do not use radiation, such as exercise treadmill and stress echocardiography. 12, 17, 21, 31, 32 Magnetic resonance imaging of the coronary arteries does not use radiation, but it is not being used as extensively as computed tomography angiography.
Although there is a paucity of data in the literature, our results are generally consistent with prior Note: mSv = milliSieverts (unit of measurement for radiation exposure). *In Quebec, only percutaneous coronary intervention is billed when both a catheterization and a percutaneous coronary intervention are done at the same time. This has been incorporated in the estimation of radiation dose. †One-year rates decreased from 18% to 4% during 1996-2007. ‡Proportion is the average over a 10-year period. estimates of the risk of cancer associated with exposure to low-dose ionizing radiation. Specifically, the US Scoliosis Cohort Study involving young patients exposed to serial radio graphic studies showed a relative risk of 1.6 for breast cancer for an average dose of 108 mSV 33 (extrapolation from our model generated an HR of 1.353 for all cancers for this same dose). The Japanese Life-Span Study involving atomic bomb survivors showed a relative risk of 1.1-1.2 for solid cancers for an average dose of 200 mSv 3 (HR 1.751 in extrapolation from our model). A pooled analysis of data for children exposed to external radiation showed a relative risk of 2.5 for thyroid cancer for an average dose of 50 mSv 34 (HR 1.150 among adults in extrapolation from our model). The higher effect among children is thought to be due to higher radiation sensitivity at a lower age.
It has been argued that patients who undergo frequent testing involving low-dose ionizing radiation tend to be older patients who are more likely to experience an adverse outcome related to their primary disease (e.g., coronary artery disease) rather than a radiation-related cancer. In our cohort, the median age was 63.2 years, and younger patients were more likely to be exposed to higher doses of radiation. Although mortality is increased among patients with acute myocardial infarction, disease-specific mortality has been decreasing since the 1960s. 35, 36 For the average patient surviving an acute myocardial infarction, life expectancy is substantial. 36, 37 Our results suggest that exposure to low-dose ionizing radiation directly affects the likelihood of cancer. Although these patients most likely will die of cardiac-related causes, the increased exposure to low-dose ionizing radiation increases their risk of cancer and perhaps mortality.
The potential increase in cancer-related death associated with exposure to radiation from cardiac imaging and therapeutic procedures has to be weighed against the potential risk of death from cardiovascular diseases for which these procedures are indicated and the resulting decrease in mortality expected with their use. Although we think that our results are important for identifying and quantifying possible harms, we also think that a valid evaluation to determine where the balance between these competing risks falls is not possible from our study, given its relatively short time horizon and the potential for residual confounding.
Limitations
A number of limitations of our study should be noted. First, we did not directly measure the doses of low-dose ionizing radiation in our co hort of patients. Instead, we used an administrative database to identify the cardiac imaging and therapeutic procedures that patients underwent and then used estimated doses 7 to calculate the cumulative exposure for each patient. There is variability in these estimates. 38, 39 Technical as pects of these tests vary with the centre and operator, and perfect estimation of dose is not possible. We relied on a well-cited, recently published source to attempt to minimize this source of measurement error. 7, 29 Second, potential confounders entered into the models were limited to variables collected in the administrative database; therefore, there is a risk of residual confounding by indication. This risk is lowest for the association between exposure to radiation from cardiac procedures and cancer because cardiac imaging and therapeutic procedures are seldom indicated for the work-up of cancer, which makes it an ideal setting to test our hypothesis. The opposite is true for the association between exposure to radiation from noncardiac procedures and cancer (as supported by the HR observed in our model). Confounding by indication remains significant.
Third, we did not ascertain the difference between high, acute exposure to low-dose ionizing radiation after acute myocardial infarction and low, repeated exposure.
Fourth, we examined a cohort of patients who had acute myocardial infarction in Canada between 1996 and 2006. Canadian patients under go fewer imaging and therapeutic proced ures than American patients. 40 Furthermore, the ex plosion of imaging techniques and therapeutic procedures has been rather recent. 32, 41 Thus, our cohort likely had lower levels of exposure to low-dose ionizing radiation than current patients with acute myocardial infarction in North America. Consequently, the numbers that we present may be underestimates of the level of exposure to radiation that current patients are experiencing.
Conclusion
We found that a substantial proportion of patients were exposed to high levels of low-dose ionizing radiation from cardiac imaging and therapeutic procedures after acute myocardial infarction. We were able to show that exposure to radiation from cardiac imaging was associated with an increased risk of cancer in this patient population. Even moderate levels of exposure were associated with an increased risk of cancer.
These results call into question whether our current enthusiasm for imaging and therapeutic procedures after acute myocardial infarction should be tempered. We should at least consider putting into place a system of prospectively documenting the imaging tests and procedures that each patient undergoes and estimating his or her cumulative exposure to low-dose ionizing radiation. 42 
